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To maintain mechanical homeostasis, cells must
recognize and respond to changes in cytoskeletal
integrity. By imaging live cells expressing fluores-
cently tagged cytoskeletal proteins, we observed
that actin stress fibers undergo local, acute, force-
induced elongation and thinning events that compro-
mise their stress transmission function, followed by
stress fiber repair that restores this capability. The
LIM protein zyxin rapidly accumulates at sites of
strain-induced stress fiber damage and is essential
for stress fiber repair and generation of traction
force. Zyxin promotes recruitment of the actin regu-
latory proteins a-actinin and VASP to compromised
stress fiber zones. a-Actinin plays a critical role in
restoration of actin integrity at sites of local stress
fiber damage, whereas both a-actinin and VASP
independently contribute to limiting stress fiber elon-
gation at strain sites, thus promoting stabilization of
the stress fiber. Our findings demonstrate a mecha-
nism for rapid repair and maintenance of the struc-
tural integrity of the actin cytoskeleton.
INTRODUCTION
Organized tissues respond adaptively to mechanical changes in
their environment. For example, muscle tissue undergoes a
hypertrophic response to increased mechanical load, and an
atrophic response to lack of load (Sadoshima and Izumo,
1997). Although much less well understood, nonmuscle cells
are also acutely sensitive to mechanical changes in their
surroundings. The ability to sense and respond to changes in
mechanical input is essential for many developmental processes
(Wozniak and Chen, 2009) including tissue morphogenesis
(Hutson et al., 2003), proliferation (Iwamoto et al., 2000; Peyton
et al., 2006) and differentiation (Farge, 2003). Experimental
disruption of intracellular force generation impedes a range of
functions, including directed migration (Lo et al., 2004), cell
sorting in tissues (Krieg et al., 2008), and stem cell lineage
commitment (McBeath et al., 2004). Moreover, misregulationDevelopmenof the ability to sense and respond to mechanical cues is
involved in many disease processes including pathological
cardiac hypertrophy (Heydemann and McNally, 2007; Palmer,
2005) and tumor metastasis (Clark et al., 2000; Paszek and
Weaver, 2004). Consequently, understanding how cells sense
mechanical cues within a physically diverse environment and
respond by balancing forces and mechanical properties has
emerged as a key to understanding how tissue homeostasis is
maintained.
The actomyosin cytoskeleton is the major mediator of cellular
mechanical properties. Actin filaments in nonmuscle cells form
linear contractile bundles of filaments called stress fibers (SFs)
that are induced to assemble by activation of Rho, which
promotes myosin-dependent contractility (Chrzanowska-Wod-
nicka and Burridge, 1996). SFs are common in cells cultured
in vitro and are also found in vivo where they are induced to
assemble when cells are exposed to mechanical stress, as in
the vasculature (Byers et al., 1984). SFs possess a periodic
distribution of a-actinin and myosin II, reminiscent of, although
less organized than, the sarcomeric banding pattern in muscle
(Langanger et al., 1986; Lazarides and Burridge, 1975). SFs
terminate at extracellular attachment sites, such as focal adhe-
sions (FAs), where they are linked via a network of proteins
to integrins, transmembrane receptors that bind extracellular
matrix (ECM) (Burridge et al., 1988). This transmembrane linkage
enables bidirectional communication of mechanical information
for sensing, generating, and responding to physical cues. For
example, actomyosin-dependent contractile forces generated
by SFs are transmitted to the extracellular environment (Harris
et al., 1980; Lauffenburger and Horwitz, 1996; Wang et al.,
1993), a process critical for cell motility, extracellular matrix
remodeling, and tissue morphogenesis. Reciprocally, externally
applied strains and stresses promote SF thickening and reorien-
tation (Iba and Sumpio, 1991; Yoshigi et al., 2005). Although it is
well established that the actomyosin cytoskeleton is essential for
physical cell behavior and mechanosensing, and responds
dynamically to a variety of biochemical signals, little is known
about the molecular mechanism by which SFs sense or respond
to mechanical perturbations.
The LIM protein, zyxin, is responsive to mechanical cues.
Zyxin localizes to SFs and is required for SF thickening in
response to cyclic cell stretch (Yoshigi et al., 2005). The Koff of
FA-localized zyxin is increased when the associated SF is
severed by laser surgery (Lele et al., 2006). Retrograde fluxestal Cell 19, 365–376, September 14, 2010 ª2010 Elsevier Inc. 365
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Figure 1. SFs Display the Capacity to Repair Local Damage
Themicrographs and kymographs are of actin-mCherry inmouse fibroblasts. For this and subsequent figures, plots below kymographs show normalized average
fluorescence intensity in the dotted yellow box over time and distance change between the fiducials highlighted with magenta dots (see Movie S1).
(A) Stress fiber in dashed white box undergoes catastrophic break.
(B) Kymograph showing SF highlighted in (A) that thins, breaks, and recoils. White arrow shows region of SF thinning prior to the break.
(C) Intensity and distance plot of (B) catastrophic SF break. Lack of rise in actin fluorescence intensity after 100 s indicates a catastrophic break.
(D) Stress fiber in dashed white box undergoes strain followed by repair.
(E) Kymograph showing SF highlighted in (D) undergoes thinning, elongation, and then repair.
(F) Intensity and distance graph of SF thinning, elongation, and repair. Rise in actin fluorescence intensity after 100 s indicates SF repair.
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A Mechanism for Cytoskeletal Homeostasisof zyxin at FAs are abated in response to decreased myosin
contractility and increase in response to applied force (Guo
and Wang, 2007). Finally, zyxin has been shown to be recruited
to substrate anchor points on laser severed SFs (Colombelli
et al., 2009), and to reversibly accumulate on SFs and FAs in
response to mechanical perturbation (Colombelli et al., 2009).
However, little is known about what role zyxin’s mechanical
responsiveness plays in cells in the absence of externally applied
stress. Furthermore, the mechanism by which zyxin drives
functional adaptation and remodeling of the actin cytoskeleton
remains uncharacterized.
Here, we have dissected a molecular mechanism by which
actin SFs in nonmuscle cells maintain their integrity in response
to acute mechanical failure. We observed that SFs undergo
local, acute, stress-induced elongation and thinning events.
Some of these events are repaired, while others progress
to catastrophic breaks. These strain events are triggered by
stress increases in the SF and they compromise SF force trans-
mission function. Zyxin and its partners accumulate at SF
strain sites and facilitate their repair. In cells lacking zyxin the
strain site repair capacity is compromised, and as a result of
the diminished structural integrity of SFs, whole cell force
transmission is attenuated. Our findings demonstrate a SF-resi-
dent system for rapid repair and maintenance of the actin
cytoskeleton.366 Developmental Cell 19, 365–376, September 14, 2010 ª2010 ElsRESULTS
Actin Stress Fibers Exhibit Acute, Local Thinning
and Elongation, Leading to Either Catastrophic
Breakage or Repair
To understand how SFs in living cells maintain their physical
integrity, we performed time-lapse imaging of mouse fibroblasts
expressing actin-mCherry and looked for evidence of SF remod-
eling. This revealed spontaneous catastrophic breakage of SFs
that occurred at a frequency of 0.03 ± 0.01 breaks/minute/cell
(n = 83 cells, 1100 min of observation). Prior to a break, SFs dis-
played elongation and thinning within a localized region that
subsequently became the breakage site. The elongation/thin-
ning phase persisted for 10–60 s. Immediately following devel-
opment of a distinct discontinuity, the flanking regions of the
SF underwent rapid retraction, and we observed a persistent
loss of actin fluorescence along the previous path of the SF indi-
cating catastrophic breakage (Figures 1A–1C; Movie S1 avail-
able online), reminiscent of myosin II-dependent SF elastic recoil
after laser severing (Kumar et al., 2006).
We also noted that for many sites of acute, local SF elongation
and thinning, instead of progressing to a catastrophic break, the
strain site exhibited spontaneous restoration of actin integrity
(Figures 1D–1F; Movie S1) providing the first indication of
a mechanism for SF repair. We refer to this actin remodeling asevier Inc.
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A Mechanism for Cytoskeletal HomeostasisSF repair, since, as is described below, when the remodeling
machinery is compromised, the incidence of SF breaks
increases. Local, acute SF thinning, elongation, and restoration
events arose spontaneously at a rate of 0.18 ± 0.03 events/
minute/cell (n = 83 cells, 1100 min of observation). Quantitative
features of these events are summarized in Table S1. Following
SF thinning, the mean recovery rate of actin fluorescence signal
within the strain site was 1.20 ± 0.18 fluorescence intensity units/
second (n = 10), resulting in recovery to 142.6%± 12% (n = 11) of
the original actin fluorescence signal during a 500 s analysis
period. Kymograph analysis of fiducial marks flanking the strain
site showed that the average maximum elongation distance was
2.5 ± 0.2 mm (n = 10), nearly twice the intersarcomeric SF band-
ing distance which ranges from 0.4 to 1.75 mm (our observation;
Peterson et al., 2004). Local SF elongation occurred at a rate of
4.0 ± 1.4 mm/min (n = 10). The half-time to cessation of elonga-
tion was 77 ± 6 s (n = 10). Actin fluorescence signal recovery
typically occurred at a uniform rate across the strain site and
was not accompanied by rejoining of the separated fiducial
marks. This suggests that restoration occurred primarily by
addition of new actin along the length of the residual thinned
SF, as opposed to reversal of the elongation phase. Of SFs
that experienced an acute, local elongation event, 82% recov-
ered, while 18% progressed to a catastrophic break. These
events are distinct from previously described internal SF elonga-
tions (Peterson et al., 2004), with 5- to 10-fold greater elongation
length and >100-fold higher elongation velocities. Thus, our find-
ings demonstrate that SFs undergo spontaneous, acute, local
strain events that may or may not repair, providing evidence
for a mechanism by which the majority of damaged SFs are
repaired in situ.
Zyxin Is Recruited to Sites of Stress Fiber Strain
How are acute, local SF strain events detected, stabilized, and
restored? Previous findings showing that the LIM protein zyxin
responds to mechanical stress (Hoffman et al., 2006; Yoshigi
et al., 2005) led us to consider a role for zyxin in repair of acute,
local SF strain. Consistent with this hypothesis, in cells express-
ing zyxin-GFP and actin-mCherry, we observed that in addition
to normal localization at FAs and periodic punctae along SFs,
zyxin rapidly and robustly accumulated at sites of acute, local
SF strain (Figures 2A–2C; Movies S2 and S3). Analysis of kymo-
graphs (Figure 2B) revealed that local SF strain immediately
preceded zyxin accumulation, which in turn preceded restora-
tion of actin at the strain site (Figure 2C). The average t1/2 for
zyxin accumulation at SF strain sites was 28.6 ± 3.7 s (n = 24).
From its maximum intensity, zyxin associated with the strain
site displayed a half-life of 112 ± 12 s (n = 10), leaving the SF
more slowly than it accumulated. The dissociation rate of zyxin
from sites of acute SF damage is an order of magnitude slower
than the dissociation rate of zyxin we measured by FRAP from
stable SF regions (t1/2 = 13 ± 1.5 s [n = 61]) (Figures S1A–
S1C). Thus, acute, local SF strain elicits rapid zyxin recruitment
through a novel mode of zyxin/SF interaction.
Mechanical Stimulation Triggers Local Accumulation
of Zyxin at Sites of Stress Fiber Strain
The accumulation of zyxin that we observed at sites of acute SF
strain, coupled with the finding that zyxin exhibits force-sensitiveDevelopmenbinding to cellular structures (Lele et al., 2006; Yoshigi et al.,
2005) led us to hypothesize that acute, local zyxin accumulation
on a SF could be induced by physical perturbation. To test this,
we grew zyxin-GFP-expressing cells on fibronectin-coupled
elastic polyacrylamide substrates (Beningo et al., 2002) and
then prodded the cell cortex with a polished micropipette
(Figure 2D; Movie S4). At the site of cortical deformation, we
observed SF deflection and concomitant rapid, local accumula-
tion of zyxin-GFP on the SF. This finding supports the hypothesis
that direct application of mechanical force is sufficient to initiate
rapid zyxin accumulation to regions of local SF strain.
Stress Fiber Strain Events Do Not Generate New Focal
Adhesions
It is possible that the rapid accumulation of zyxin to sites of acute
SF strain could represent the formation of new FAs. Formation
of a FA would be indicated by accumulation of the FA protein
vinculin (Zamir and Geiger, 2001) and local induction of stress
transmission to the substrate (Beningo et al., 2002; Gardel
et al., 2008). Observation of cells coexpressing zyxin-GFP and
vinculin-mCherry revealed lack of coordinate vinculin accumula-
tion with zyxin at sites of SF strain (Figures 2E and 2F). To deter-
mine if local zyxin accumulation at SF strain sites was correlated
with stress transmission to the substrate, we plated cells
expressing zyxin-GFP on fiducial-embedded polyacrylamide
substrates and performed high-resolution traction-force micros-
copy (Sabass et al., 2008). Although we detected extensive
substrate strain at FAs, changes in traction force were not
observed at zyxin-rich SF strain sites (Figure 2G; Movie S5).
Many sites of rapid zyxin accumulation underwent lateral move-
ment that was coordinated with movement of the SF, providing
further evidence that these sites were not substrate bound.
These data show that local, rapid zyxin accumulation at strain
sites is not associated with formation of new FAs, but rather
represents targeted accumulation of zyxin on a SF.
Stress Fiber Strain Events Are Preceded by Elevated
Contractility and Reduce Traction Force
What induces SF strain events in steady state cells, and what is
the mechanical output of these events? Since mechanical
perturbation is sufficient to induce strain events, we wanted to
test whether SFs exerted increased contractile force prior to
the strain event. To test this, we used traction force microscopy
to simultaneously measure local zyxin-GFP accumulation on
a SF and relative substrate traction at the FA where the associ-
ated SF terminates (Figures 2G–2I; Movie S5). We compared
local substrate traction forces at FAs during periods of quies-
cence and during acute, local SF elongation accompanied by
rapid accumulation of zyxin. During quiescent periods, substrate
traction force was relatively stable during a 30 s measurement
interval (Figure 2H). In contrast, immediately prior to periods of
rapid SF elongation and zyxin accumulation, substrate traction
force at the site of associated FAs increased by an average of
15% (Figure 2H). This indicates that increasing SF contractility
precedes the development of SF strain events.
We reasoned that acute, local SF strain may reduce the
transmission of force through the cytoskeleton to the ECM.
A zyxin-mediated repair process could restore this capacity.
Immediately after periods of rapid SF elongation and zyxintal Cell 19, 365–376, September 14, 2010 ª2010 Elsevier Inc. 367
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Figure 2. Zyxin Is Recruited to Sites of SF Strain
(A) Time-lapse series of zyxin-GFP, and actin-mCherry shows zyxin accumulation at a site of SF damage (see Movies S2 and S3 as an additional example).
(B) Kymograph from the dashed white box in (A) showing rapid zyxin accumulation at a region of SF strain. For merge, zyxin is green, actin is magenta.
(C) Plot from (B) of intensity over time and distance change between the fiducials highlighted with magenta lines.
(D) Images of zyxin-GFP expressing cell prodded by a micropipette. Zyxin-GFP accumulates at the site of SF inflection (white box) (see Movie S4).
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Figure 3. Stress Fiber Strain Sites Fail to
Stabilize in zyxin–/– Cells
(A) Kymograph of actin-mCherry expressed in
a zyxin/ cell showing a SF strain event that fails
to recover (see Movie S6).
(B) Plot from (A) of intensity over time and distance
change between the fiducials highlighted with
magenta dots. Lack of rise in actin fluorescence
intensity and increasing distance between fidu-
cials after 100 s indicates lack of SF repair.
(C) Catastrophic SF break frequency in wild-type
(n = 83 cells), zyxin/ (n = 57 cells) and zyxin/
+zyxin-GFP (n = 172 cells).
(D) Wild-type (n = 10) and rescued (n = 13) cells
show enhanced rate of actin recovery at SF strain
sites when compared with zyxin/ cells (n = 13)
(p = 0.0002).
(E) Wild-type (n = 10 events) and rescued (n = 13
events) cells show enhanced net actin recovery
at SF strain sites when compared with zyxin/
cells (n = 13 events) (p < 0.0001).
(F) Wild-type (n = 10 events) and rescued (n = 10
events) cells show decreased half-time to the
stabilization at SF strain sites when compared
with zyxin/ cells (n = 8 events) (p = 0.0002).
(G) Wild-type (n = 10 events) and rescued (n = 10
events) cells show decreased maximum elonga-
tion at SF strain sites when compared with
zyxin/ cells (n = 9 events) (p = 0.0006).
(H) zyxin/ cells (n = 80) showed decreased peak
traction forces when compared with zyxin/
+zyxin-GFP cells (n = 89) (p < 0.0001) (see also
Figure S2).
(I) zyxin/ cells (n = 25) showed decreased
collagen plug contraction when compared with
zyxin/ +zyxin-GFP cells (n = 28) (p < 0.0001).
(J) Western blot analysis showing unchanged
myosin light chain ser19 phosphorylation levels
in zyxin/ and zyxin/ +zyxin-GFP cells (n = 3).
Plots (D–I) show mean ± SEM.
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A Mechanism for Cytoskeletal Homeostasisaccumulation, substrate traction force at the site of associated
FAs decreased by an average of 40% (Figure 2H). Kinetic anal-
ysis showed that as SF strain site length stabilized and zyxin
intensity plateaued, substrate traction forces at the FA were
restored (Figure 2I). We conclude that SFs undergo acute, local
strain, in response to escalating stress, causing a reduction in
their ability to transmit force through their associated FA to the
ECM. Recruitment of zyxin to SF strain sites accompanies resto-
ration of the cell’s capacity to exert traction on the substrate.
Zyxin Null Cells Exhibit Impaired Stress Fiber Repair
and Increased Stress Fiber Breakage
To determine the requirement for zyxin in the SF repair process,
we characterized the SF break frequency and the recovery of
actin at acute, local SF strain sites in fibroblasts derived from(E) Micrographs showing zyxin-GFP and vinculin-mCherry expression.
(F) Kymograph made from the dashed white box in (E) showing no vinculin accu
(G) Traction microscopy of zyxin-GFP expressing cell. Green vectors show the inte
positions (see Movie S5). Bracket highlights the local accumulation of zyxin-GFP
(H) When compared with quiescent SFs (n = 20), SF strain events are preceded
traction force (n = 7). Error bars show SEM.
(I) Normalized traction-induced strain integrated within the region containing the F
and zyxin accumulates (normalized fluorescence intensity in the bracketed regio
Developmenzyxin/mice (Hoffman et al., 2006). We found that zyxin/ cells
displayed a profound deficiency in their ability to restore actin
levels at acute SF strain sites (Figures 3A and 3B; Movie S6)
and exhibited a greater than 5-fold increase in the frequency of
catastrophic SF breaks when compared with wild-type cells
(Figure 3C). To confirm the increased SF breakage was directly
due to the absence of zyxin, we expressed full-length zyxin-
GFP in zyxin/ cells and restored wild-type behavior (Figures
3C and S1D). Consistent with the increase in catastrophic SF
breaks, zyxin/ cells exhibited a significant drop in the rate
and percentage of actin-mCherry fluorescence recovery at the
strain site when compared with zyxin/ cells expressing zyxin-
GFP (Figures 3D and 3E). In addition, the half-time to cessation
of elongation and the extent of SF strain were 2- to 3-fold higher
in cells lacking zyxin, as compared with zyxin/ cells expressingmulation at the site of zyxin accumulation.
rpolated traction-induced strain map of bead positions relative to their cell-free
on the SF that terminates at the FA outlined by the magenta box.
by a net increase in traction force (n = 13) and are followed by a net decline in
A (magenta boxes in E).When the attached SF elongates (plotted as distance)
n in E), there is an acute drop in traction-induced strain at the FA.
tal Cell 19, 365–376, September 14, 2010 ª2010 Elsevier Inc. 369
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A Mechanism for Cytoskeletal Homeostasiszyxin-GFP (Figures 3F and 3G). These data demonstrate that
zyxin is critical for maintaining SF integrity by detecting damage
and mediating rapid SF repair.
Zyxin Null Cells Exhibit Decreased Force Generation
Capacity
We postulated that zyxin’s contribution to SF maintenance
would be critical for the SF’s ability to generate and transmit
force to the substrate. By comparing whole-cell traction forces
in zyxin/ cells, with and without zyxin-GFP rescue, we found
that peak forces transmitted to the substrate were significantly
decreased in cells lacking zyxin (Figures 3H and S2). Collagen
plug contraction assays (Grinnell, 2000) confirmed that zyxin/
cells display compromised capacity to exert force on the extra-
cellular matrix (Figure 3I). Since substrate adhesion is not dimin-
ished in zyxin/ cells (Hoffman et al., 2006), zyxin’s impact on
force generation capacity could be due to a role in maintaining
actin cytoskeletal integrity, influence on actomyosin-dependent
contractility, or both. The diminished SF repair and enhanced SF
break frequency observed in zyxin/ cells supports the view
that zyxin contributes directly to maintenance of cytoskeletal
integrity. We detected no zyxin-dependent difference in global
myosin light chain phosphorylation (Figure 3J), a surrogate
marker for actomyosin-dependent contractility.
Stress Fiber Strain Sites Are Rich in Free Barbed Actin
Filament Ends and Accumulate a-Actinin and VASP
in a Zyxin-Dependent Manner
How does zyxin accumulation mediate restoration of actin
and SF integrity in response to an acute SF strain event? The
rapid restoration of SF integrity at SF strain sites raised the possi-
bility that the strain site was rich in uncapped actin filament
barbed ends that could be extended by actin polymerization.
To test this hypothesis, we performed actin barbed end assays
on live cells experiencing strain events. We observed that
rhodamine-labeled G-actin was rapidly recruited at SF strain
sites (Figure 4A; Movie S7) indicating the presence of actin
barbed ends at these sites and displaying a striking correspon-
dence with the zyxin-rich region.
Zyxin interacts directly with the F-actin crosslinking protein
a-actinin (Crawford et al., 1992; Reinhard et al., 1999), as well
as with the actin polymerization regulator, and actin barbed
end binding protein VASP (Drees et al., 2000; Niebuhr et al.,
1997). To determine whether a-actinin and/or VASP cooperate
with zyxin in the SF restoration response, we examined their
dynamic behaviors during acute SF strain and restoration using
time-lapse imaging of fluorescently tagged zyxin and a-actinin
or VASP.
a-Actinin was recruited to sites of acute SF strain with kinetics
that lagged zyxin accumulation (Figures 4B–4D; Movie S8). To
test whether a-actinin is dependent on zyxin for accumulation
at SF strain zones, we examined the ability of a-actinin to accu-
mulate on SFs in zyxin/ cells. In the absence of zyxin, a-actinin
displayed a typical periodic distribution on SFs (Figure 4E), illus-
trating that zyxin is not essential for targeting a-actinin to these
structures. However, rapid accumulation of a-actinin at zones
of acute SF strain that did not immediately progress to breakage
was profoundly compromised in cells lacking zyxin and was
restored in cells re-expressing zyxin-GFP (Figure 4F; Movie S8),370 Developmental Cell 19, 365–376, September 14, 2010 ª2010 Elsdemonstrating that zyxin is required, either directly or indirectly,
for specific localized a-actinin recruitment to sites of acute
SF strain.
In zyxin/ cells reconstituted with zyxin-mCherry, VASP-GFP
was recruited to SF strain sites with kinetics similar to that of
zyxin (Figures 4D, 4G, and 4H; Movie S9) and localized to both
SFs and FAs. Consistent with previous reports (Hoffman et al.,
2006), VASP localization to FAs and SFs was compromised in
zyxin/ cells (Figure 4I). VASP recruitment to acute SF strain
sites that did not immediately progress to breakage was also
abolished in zyxin/ cells, and restored by re-expression of
zyxin-mCherry (Figure 4J; Movie S9). In pairwise comparison
of the recruitment half-times, we observed that a-actinin lagged
VASPby an average of 34 s (n = 9, p < 0.05) (Figure 4K). Together,
these results indicate a requirement for zyxin in recruitment of
the actin regulatory proteins a-actinin and VASP to sites of SF
strain, and define a temporal ordering of recruitment with
VASP and zyxin corecruited, followed by a-actinin.
Zyxin Recruitment to Acute Stress Fiber Strain Sites Is
Not Dependent on Interactions with a-Actinin or VASP
To determine whether zyxin accumulation at SF strain sites
depends on its ability to interact directly with either a-actinin or
VASP, we generated GFP-tagged zyxins bearing mutations
that disrupt interaction with either a-actinin or Ena/VASP family
members, coexpressed them with actin-mApple in zyxin/
cells, and imaged acute SF strain sites. To disrupt a-actinin
binding to zyxin, we deleted the first 42 amino acids of zyxin to
make zyxD1-42-GFP (Nix et al., 2001; Reinhard et al., 1999;
Figure 5A). To disrupt zyxin binding to Ena/VASP family
members, we mutated the phenylalanines to alanine in each of
zyxin’s four proline-rich (FPPP) sequences (ActA repeats) to
make zyx4F > A-GFP (Drees et al., 2000; Figure 5A). Neither
the FA nor SF localization of zyxin was perturbed by mutation
of zyxin’s a-actinin or Ena/VASP binding sites (Figure 5B). More-
over, rapid recruitment to acute SF strain sites occurred for both
zyxD1-42-GFP (Figures 5C and 5D) and zyx4F > A-GFP (Figures
5E and 5F). Kinetic analysis revealed that zyxD1-42 recruitment
was indistinguishable from recruitment of zyxin-GFP; however,
zyx4F > A recruitment was slower (Figure 5G). These data
suggest that zyxin does not depend on association with either
a-actinin or Ena/VASP for localization to sites of acute SF strain.
However, the rate of zyxin recruitment to SF strain sites may be
increased through interaction with VASP.
a-Actinin and VASP Require Interaction with Zyxin
for Recruitment to Acute Stress Fiber Strain Sites
To determine whether zyxin binding is required for localization of
a-actinin or VASP to acute SF strain sites, we examined the
subcellular localization of a-actinin-mCherry or VASP-mCherry
in zyxin/ cells re-expressing zyxD1-42-GFP or zyx4F > A-
GFP to eliminate a-actinin or Ena/VASP binding, respectively.
In zyxin/ cells expressing zyxD1-42-GFP, a-actinin-mCherry
localized to FAs and SFs (Figure 6A). However, a-actinin-
mCherry failed to accumulate at sites of acute SF strain (Figures
6B–6D; cf. Figures 6B and 6C to Figures 4B and 4C). In zyxin/
cells expressing zyx4F > A-GFP, VASP-mCherry did not localize
to SFs or FAs (Figure 6E). VASP-mCherry recruitment to sites of
acute SF strain was also greatly attenuated (Figures 6F–6H;evier Inc.
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Figure 4. Stress Fiber Strain Sites Generate
Free Actin Barbed Ends and Accumulate a-
Actinin and VASP in a Zyxin-Dependent
Manner
(A) Image sequence showing rhodamine-actin
accumulation at SF strain sites (see Movie S7).
(B) Kymograph of zyxin-GFP and a-actinin-
mCherry expressed in zyxin/ cell. For merge,
zyxin is green, a-actinin is magenta.
(C) Intensity and distance graph showing a-actinin
accumulates at SF strain sites lagging zyxin accu-
mulation (see Movie S8).
(D) Half-time of protein accumulation at SF strain
sites shows a-actinin (n = 17) accumulation lags
both zyxin (n = 24) (p = 0.0043) and VASP
(n = 18) (p = 0.0133) (see also Figure S3).
(E) a-Actinin-GFP periodic distribution pattern on
SF persists in zyxin/ cells.
(F) zyxin/ cells (n = 421) cells show a decreased
percentage of a-actinin recruitment to SF strain
sites when compared with wild-type (n = 233)
and rescued (n = 364) cells (see Movie S8).
(G) Kymograph of VASP-GFP and zyxin-mCherry
expressed in zyxin/ cell. For merge, VASP is
green, zyxin is magenta.
(H) Intensity and distance graph showing VASP
accumulates at SF strain sites coincident with
zyxin (see Movie S9).
(I) VASP fails to localize on SFs in zyxin/ cells.
(J) zyxin/ cells (n = 31) show decreased
percentage of VASP recruitment to SF strain sites
when compared with wild-type (n = 99) and
rescued (n = 171) cells (see Movie S9).
(K) Intensity plot showing a-actinin accumulation
lags VASP in a dual labeled cell. Data are shown
as mean ± SEM.
Developmental Cell
A Mechanism for Cytoskeletal Homeostasiscompare Figures 6F and 6Gwith Figures 4G and 4H). Our results
illustrate that compromising zyxin’s ability to bind either a-actinin
or VASP limits the capacity of these proteins to accumulate with
zyxin at sites of local, acute SF strain, supporting the view that
direct binding to zyxin contributes substantially to both a-actinin
and VASP recruitment to SF strain sites.
a-Actinin and VASP Have Distinct Roles
in the Stabilization of SF Strain Sites
Both a-actinin and VASP modulate actin organization and
dynamics. Therefore, we tested whether the zyxin-dependent
repair of acute SF strain sites required a-actinin or VASP recruit-
ment to these sites. We examined SF strain and repair events byDevelopmental Cell 19, 365–376, Seimaging actin-mCherry in both zyxin/
cells expressing zyxin variants with
compromised a-actinin or VASP bind-
ing functions. Quantification of actin-
mCherry fluorescence at acute SF strain
sites showed that expression of either
zyxin-GFP or zyx4F > A-GFP in zyxin/
cells restored both the rate and extent of
actin recovery at strain sites to wild-type
levels (Figures 7A and 7B). In contrast,
actin recovery at SF strain sites was
reduced in zyxin/ cells whether or not
they additionally expressed zyxD1-42-GFP (Figures 7A and 7B).
Quantification of the time and distance of acute SF extension
revealed that re-expression of wild-type zyxin-GFP in zyxin/
cells was sufficient to reduce the extent of SF strain to wild-
type levels, while SF strain was increased in zyxin/ cells,
whether or not they additionally expressed either zyxD1-42-
GFP or zyx4F > A-GFP (Figures 7C and 7D). Thus, both a-actinin
and VASP contribute to zyxin’s ability to arrest acute, localized
SF strain.
To determine how these proteins contribute to maintaining
the overall integrity of actin SFs, we analyzed SF breakage
frequency. This revealed that zyxin/ cells had an increased
frequency of SF breakage compared with wild-type cells,ptember 14, 2010 ª2010 Elsevier Inc. 371
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Figure 5. Zyxin Accumulation at SF Strain
Sites Is Not Dependent on Zyxin’s Interac-
tion with a-Actinin, but Is Facilitated by
Interaction with VASP
(A) Schematic ofwild-type zyxin and zyxinmutated
to interfere with a-actinin binding (zyxD1-42), or
Mena/VASP protein binding (zyx4F > A).
(B) Mutant zyxin zyxD1-42 and zyx4F > A localize
to SFs in zyxin/ cells.
(C) Kymograph of zyxD1-42 and actin-mApple
expressed in zyxin/ cell. For merge, zyxD1-42
is green, actin is magenta.
(D) Intensity and distance graph showing zyxD1-
42 accumulates at SF strain sites.
(E) Kymograph of zyx4F > A and actin-mApple
expressed in zyxin/ cell. For merge, zyx4F > A
is green, actin is magenta.
(F) Intensity and distance graph showing zyx4F > A
accumulates at SF strain sites.
(G) Zyx4F > A (n = 12) accumulation at stress fiber
strain sites is slower than wild-type zyxin (n = 13)
(p < 0.0001) or zyxD1-42 (n = 12) (p = 0.0002).
Data are shown as mean ± SEM.
Developmental Cell
A Mechanism for Cytoskeletal Homeostasiswhether or not they were expressing zyxD1-42-GFP. In contrast,
expression of either zyxin-GFP or zyx4F > A-GFP in zyxin/ cells
reduced the SF breakage frequency to wild-type levels (Fig-
ure 7E). Taken together, these results indicate that VASP and
a-actinin have both common and distinct roles in assisting zyxin
in SF repair at acute strain sites. Both a-actinin and VASP are
required to stabilize elongation of local SF strain, while a-actinin
hasaprimary role in restoringactinat theSFdamagesite andpre-
venting strain events from progressing to catastrophic breaks.
DISCUSSION
By observing the dynamics of SFs in living cells, we identified
novel acute, local SF damage events that occur spontaneously372 Developmental Cell 19, 365–376, September 14, 2010 ª2010 Elsevier Inc.in response to increasing intrinsic stress
within the fibers, or in response to
mechanical perturbation, and defined a
molecular mechanism for rapid SF repair
and homeostasis of the actin cytoskel-
eton. SFs that exhibit acute, local strain
events display a transient reduction of
force transmitted through associated
FAs. Zyxin rapidly accumulates at acute
SF strain sites where free barbed ends
of actin filaments are concentrated, and
zyxin facilitates the recruitment of binding
partners, VASP and a-actinin, which
together comprise a repair complex that
effects repair and mechanical stabiliza-
tion of the SF. In the absence of zyxin,
the incidence of catastrophic SF breaks
is dramatically increased, and the
capacity of the associated FAs to trans-
mit forces to the substrate and retract
a surrounding collagen gel is compro-
mised (Figure 7F). The SF repair processrestores the capacity of the SF to develop tension and convey
traction forces to the ECM. Thus, SF strain events rapidly relieve
cytoskeletal prestress, while simultaneously providing a clear
target for a system that rebuilds the weakest region of the fiber,
thereby enabling the cytoskeleton to tolerate dynamic increases
in force load by sensing and repairing SF damage prior to
failure. Without this repair system, cells exhibit a marked reduc-
tion in their ability to transmit force to remodel ECM, a process
critical to tissue morphogenesis, maintenance, and repair.
Both the direct application of mechanical stimulation or condi-
tions of elevated internal SF contractility are sufficient to induce
SF strain events. The zyxin-mediated repair complex is recruited
within several seconds of the local strain event, suggesting
a model in which new zyxin binding sites are generated at the
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Figure 6. a-Actinin and VASP Fail to Accumulate at
SF Strain Sites in zyxin–/– Cells Reconstituted with
zyxD1-42 or zyx4F > A, Respectively
(A) a-Actinin localizes on SFs in zyxin/ cells expressing
zyxD1-42 transgene.
(B) Kymograph of zyxD1-42 and a-actinin-mCherry
expressed in zyxin/ cell. For merge, zyxD1-42 is green,
a-actinin is magenta.
(C) Intensity and distance plot showing loss of robust
a-actinin accumulation at stress fiber strain site in zyxin/
cell expressing zyxD1-42.
(D) Percentage of SF strain events that recruit a-actinin in
wild-type (n = 233), zyxin/ (n = 421), zyxin/ +zyxin-GFP
(n = 364) and zyxin/ +zyxD1-42 (n = 47) cells.
(E) VASP fails to localize on SFs and FAs in zyxin/ cells
expressing zyx4F > A.
(F) Kymograph of zyx4F > A and VASP-mCherry
expressed in zyxin/ cell. For merge, zyx4F > A is green,
VASP is magenta.
(G) Intensity and distance graph showing loss of VASP
accumulation at stress fiber strain site in zyxin/ cell
expressing zyx4F > A.
(H) Percentage of SF strain events that recruit VASP in
wild-type (n = 99), zyxin/ (n = 31), zyxin/ +zyxin-GFP
(n = 171) and zyxin/ +zyx4F > A (n = 38) cells. Data are
shown as mean ± SEM.
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A Mechanism for Cytoskeletal HomeostasisSF strain site. Both FRAP and photoactivation of fluorescent
zyxin (data not shown) indicate that zyxin on strain sites is rapidly
exchanging with a cytoplasmic pool. However, how binding sites
are created is not clear. While it has been proposed previously
that a conformational change in a-actinin could be responsible
for stress-induced recruitment of zyxin to SFs (Colombelli
et al., 2009), our data indicate that zyxin accumulation at strain
sites is independent of a-actinin binding and precedes a-actinin
accumulation by tens of seconds. Alternatively, it is possible that
local actin filament breakage and the resultant generation of free
filament barbed ends which are concentrated at SF strain sites
triggers recruitment of zyxin. Indeed, zyxin is present at FAs
where actin filament barbed ends are concentrated and hasDevelopmental Cell 19, 365–been shown to accumulate at sites of laser-
induced SF severing (Colombelli et al., 2009).
Although a direct zyxin-actin interaction has
not been reported, zyxin could be recruited to
free barbed ends at strain sites as a co-complex
with a barbed-end capping protein. Alterna-
tively, strain-induced changes in the actin
polymer or an associated protein other than
a-actinin could reveal a new docking site for
zyxin on the SF. Mechanical stimulation can
reveal new epitopes on cytoskeleton-associ-
ated proteins, including talin (Lee et al., 2007)
and p130Cas (Sawada et al., 2006). Zyxin
accumulation could also be regulated by
mechanically induced local activation of kinases
(Tamada et al., 2004; Wang et al., 2005), as is
the movement of zyxin from FAs onto associ-
ated SF termini (Guo and Wang, 2007).
Independent of the mechanism of zyxin
recruitment, our data indicate that both a-actininand VASP participate in stabilizing elongation of acute SF strain
sites. The presence of actin barbed ends throughout the SF
strain site suggests that SF repair is at least in part the result
of actin polymerization. Indeed, zyxin and VASP have been
shown to facilitate actin polymerization (Barzik et al., 2005;
Fradelizi et al., 2001; Hirata et al., 2008). However, within the
sensitivity of our detection and analysis system, we did not
observe a role for VASP in the restoration of actin at SF strain
sites. Rather, VASP appeared to be coordinately recruited
with zyxin to SF strain sites where it served to enhance the
rate of zyxin accumulation, perhaps stabilizing a conformation
that is compatible with its recruitment. The ability of a-actinin
to crosslink actin filaments suggests that recruitment and376, September 14, 2010 ª2010 Elsevier Inc. 373
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Figure 7. Zyxin Rescue Constructs Mutated to
Eliminate a-Actinin or VASP Binding Fail to Rescue
SF Strain Phenotypes Seen in zyxin–/– Cells
(A) Recovery rate of actin intensity immediately following
thinning in zyxin/ +zyxin-GFP (n = 13), zyxin/ (n = 13),
zyxin/ +zyxD1-42 (n = 10), and zyxin/ +zyx4F > A
(n = 10) cells.
(B) Percentage of recovery of actin signal post-thinning
event in zyxin/ +zyxin-GFP (n = 13), zyxin/ (n = 13),
zyxin/ +zyxD1-42 (n = 10), and zyxin/ +zyx4F > A
(n = 9) cells.
(C) Half-time to stabilization of fiber elongation during a
strain event in zyxin/+zyxin-GFP (n = 10), zyxin/ (n = 8),
zyxin/ +zyxD1-42 (n = 11), and zyxin/ +zyx4F > A
(n = 10) cells.
(D) Maximum elongation of the stress fiber region
undergoing a strain event in zyxin/ +zyxin-GFP (n = 10),
zyxin/ (n = 9), zyxin/ +zyxD1-42 (n = 12), and
zyxin/ +zyx4F > A (n = 10) cells.
(E) Catastrophic stress fiber break frequency in wild-type
(n = 83), zyxin/ (n = 57), zyxin/ +zyxin-GFP (n = 172),
zyxin/ +zyxD1-42 (n = 140), and zyxin/ +zyx4F > A
(n = 103) cells.
(F) Model for recruitment of a zyxin mediated repair
complex to sites of SF strain. Stars indicate free actin
barbed ends. Data are shown as mean ± SEM.
Developmental Cell
A Mechanism for Cytoskeletal Homeostasisbundling of preexisting actin polymer from the cytoplasm may
restore actin density of the SF structure to restore mechanical
integrity.
Cells that lack zyxin have enhanced migration relative to their
wild-type counterparts (Hoffman et al., 2006); however, the
reason for this altered behavior was not understood. The loss
of zyxin’s contribution to the maintenance and structural stability
of SFs in the knockout cells may contribute to this phenotype.
In particular, it has long been appreciated that stationary cells
are characterized by the presence of robust SFs, whereasmigra-
tory cells display a much less robust complement of SFs. The
increased migration velocity of zyxin/ cells may be attribut-
able, at least in part, to the reduced stability and integrity of actin374 Developmental Cell 19, 365–376, September 14, 2010 ª2010 Elsevier Inc.SFs in the null cells, a condition that would
be expected to support enhanced migratory
capacity.
Homeostasis is a central concept in animal
physiology that describes the ability of living
organisms to maintain constancy of their
internal environment. Prior work extended this
paradigm to the subcellular level, where it is
evident in the maintenance of organelles
such as the endoplasmic reticulum (Cox et al.,
1993; Kozutsumi et al., 1988) and to macromo-
lecular complexes such as the genetic material
(Branzei and Foiani, 2008). The novel mecha-
nism of strain recognition and repair presented
here demonstrates a cellular machinery for
rapid adjustment of cytoskeletal tension in
response to changes in cell contractility or
extrinsic forces. The demonstration that SFs
display an intrinsic capacity for self-monitoring
and repair in response to mechanical stressfurther extends the concept of homeostasis to the cytoskeleton
for the regulation of both cytoarchitecture and mechanical
output.EXPERIMENTAL PROCEDURES
Materials
Cell Lines
Production and immortalization of fibroblasts derived fromwild-type and zyxin
null mice was described previously (Hoffman et al., 2006). Fibroblasts derived
from zyxin/ mice were stably rescued with N-terminally tagged zyxin or
mutant zyxin by viral infection followed by FACS sorting to select cells
expressing fluorescently tagged zyxin (Hoffman et al., 2006).
Developmental Cell
A Mechanism for Cytoskeletal HomeostasisCell Culture and Transfection
Cells were cultured in DMEM supplemented with L-glutamine, penicillin/strep-
tomycin, sodium pyruvate, and 10% fetal bovine serum (Hyclone) and grown
on coverslips coated with fibronectin (10 mg/ml). Transient transfections of
DNA constructs for expression of fluorescently tagged proteins were per-
formed using FuGENE HD transfection reagent (Roche). Time-lapse imaging
of cells was performed 3–6 days after transfection.
DNA Constructs
Constructs used are described in Supplemental Experimental Procedures.
Analysis of Myosin Posphorylation
Cell lysates were harvested using SDS sample buffer and run on SDS-PAGE.
Blots were probed with anti-phospho myosin light chain (ser19) (Cell Signaling
Technology) then stripped and reprobed with anti-myosin light chain (Cell
Signaling Technology) to control for total myosin light chain. Three indepen-
dent experiments were conducted.
Collagen Gel Contraction Assay
Collagen I gels made with 0.5 3 105 either zyxin/ cells or zyxin/ +zyxin-
GFP were grown in 1.5 mg/ml in 6 mm diameter glass bottom wells. The
gels released from the plastic edges of the wells on day 2, and were imaged
on day 7. The final gel area was determined using ImageJ.
Live-Cell Imaging for Protein Dynamic Studies
Coverslips were mounted in a closed chamber (LIS), with DMEM/F12 media
(Invitrogen) supplemented with 10% fetal bovine serum. Cells weremaintained
at 37C using a microscope temperature control system (LIS). Imaging was
performed on an Andor spinning disk confocal on an inverted Nikon TE300
microscope with a 603 1.4NA Nikon Plan Apochromat lens. Illumination was
from solid state 488 and 568 nm lasers (Melles Griot), switched by an
acousto-optic tunable filter based laser combiner (Andor Technology), and
delivered by optical fiber to the Yokogawa CSU-10 scanhead. The emission
light path was equipped with a dual bandpass filter (Semrock Inc). All time-
lapse image sequences were captured at 10 s intervals using either Andor
DV887 1024X1024 EMCCD camera, or Andor DV885 512X512 EMCCD
camera (Andor Technology). Stage motions were controlled in XY with a
Ludl XY stage (Ludl Electronic Products) and in Z with a Piezo stage insert
(Mad City Labs). Image acquisition was performed using Andor IQ imaging
software (Andor Technologies) on a PC workstation (Dell Computers).
Live Barbed Ends Assay
Cells were plated on poly-L-lysine coated coverslips and then were imaged at
a 2 s frame rate until a strain event was observed. The imaging chamber was
quickly perfused with saponin/rhodamine-actin solution to permeablize and
label actin barbed ends. Final labeling mixture formulation was 0.005%
saponin, 0.5 mM rhodamine-actin, 0.1 mM ATP, 138 nM KCl,10 mM PIPES,
3 mM EGTA, and 4 mM MgCl2 (pH 6.9).
Direct Manipulation of Cells
Cells expressing zyxin-GFP for direct manipulation were plated on polyacryl-
amide substrates. They were prodded with a fire-polished glass pipette
mounted on an Eppendorf micromanipulator. Images of this procedure were
captured every 2 s using the imaging system described above.
Traction Microscopy
Methods used for traction microscopy are in Supplemental Experimental
Procedures.
Image Processing and Analysis
Fluorescence Intensity and SF Elongation
Image sequences were processed, region intensity and distance measure-
ments were collected, and movies were generated using MetaMorph software
(Molecular Devices). Intensity measurements were taken as average intensity
within a region of interest restricted to the site of SF elongation. Kymographs
were generated using a custom macro (Ryan Littlefield) run in MetaMorph. For
these, a 10 pixel wide linear region of interest along a SF was selected, the
image was rotated using the nearest neighbors rotation algorithm to eliminate
diagonal pixel sampling, and then each 10 pixel region was output into
a montage. Distance measurements to assay SF elongation were made on
the kymograph using two polylines overlaid on the kymograph flanking theDevelopmensite of SF extension. Each line followed a stable fluorescent intensity feature
on the SF serving as a fiduciary mark. The distance change between the poly-
lines was plotted over time. Numerical output was normalized and graphed
using Prism 5 (GraphPad.)
Analysis of Actin Recovery
We tracked actin-mApple fluorescent average intensity within the strain
region. Starting from the low point in the intensity plot, as the region entered
the repair phase, we fit a line to the trajectory of recovery, restricted to the first
200 s of recovery, and then calculated recovery rate (fluorescence intensity/
time) based on the slope of this line. Percentage actin signal recovery was
calculated as the percentage that actin signal within the thinning region recov-
ered, relative to the original signal, within the 500 s imaging period.
Analysis of Kinetics and Elongation Stabilization
For analysis of the kinetics of protein accumulation, intensity over time was fit
using the Hill equation (Y = Vmax*X^h/(K^h + X^h). Analysis of dissipation was
fit using the model for single phase exponential decay (Y = (Y0  Plateau)*exp
(K*X) + Plateau). Half-time to stabilization of elongation was determined
using the Hill equation fit to elongation data.
Statistical Analysis
All statistical analysis was performed using Prism 5 (GraphPad). Statistical
significance for the analyses of SF breaks, changes in traction induced strain,
the kinetics of fluorescence accumulation, and the kinetics of fluorescence
dissipation were determined using unpaired, two-tailed t tests. Contingency
analyses of actin recovery and a-actinin and VASP recruitment utilized a
two-tailed Fisher’s exact test. Differences were considered significant at
the 95% confidence level. Statistical significance denoted as follows;
***p < 0.001, **p = 0.001–0.01, *p = 0.01–0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Experimental Procedures, two figures,
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